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Research  was  conducted  to  determine  if  staphylococcal  enterotoxins  exert  any 
cytotoxic  effects  on  a  human  intestinal  epithial  cell  line  in  vitro  and 
demonstrate  specific  toxin  binding  to  murine  lymphocytes  via  specific  toxin 
receptors  on  the  cel  1  membrane. 
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statement  of  problem  studied: 


a)  To  determine  if  SE's  exert  any  cytotoxic 
intestinal  epithial  cell  line  in  vitro; 

b)  To  demonstrate  specific  toxin  binding  to 
via  specific  toxin  receptors  on  the  cell 


Summary  of  experimental  results:  see  following. 
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effects  on  a  human 

murine  lymphocytes 
membrane. 


SUMMARY  (#DAAG  29-78-G-0087 ) 


The  interaction  of  staphylococcal  enterotoxin  A  (SEA)  with  mammalian  cell 

membranes  was  studied  in  two  in  vitro  systems.  The  cytotoxic  properties  of  SEA  were 

evaluated  using  the  Henle  407  human  embryonic  intestinal  epithelial  cell  line  (Henle 

125 

407).  The  specific  binding  of  I-SEA  was  determined  for  mouse  lymphoid  cells. 

The  effects  of  staphylococcal  enterotoxin  A  (SEA)  and  staphylococcal  enterotoxin 
B  (SEB)  on  mammalian  cell  integrity  and  function  as  measured  by  leakage  of  labelled 
cytoplasmic  constituents,  amino  acid  transport,  and  macromolecular  synthesis,  was 
evaluated  for  Henle  407  cells.  No  evidence  of  cytotoxicity  by  any  of  these  criteria 
could  be  detected  for  cell  monolayers  incubated  with  SEA  for  periods  between  30  min 
and  24  hr.  Purified  staphylococcal  hemolysins  (alpha  toxin  and  delta  toxin)  were 
shown  to  exert  cytotoxicity  by  the  amino  acid  leakage  uptake  assays.  In  efforts  to 
detect  synergistic  effects  between  enterotoxin  and  the  staphylococcal  cytotoxins, 
membrane  functions  were  evaluated  after  sequential  or  combined  treatment  with  entero¬ 
toxin  and  alpha  toxin,  or  enterotoxin  and  delta  toxin.  In  no  instance  could  a  contri¬ 
bution  to  cytotoxicity  by  the  staphylococcal  enterotoxin  be  detected.  That  the  assays 
were  sufficiently  sensitive  to  detect  synergistic  effects  was  shown  by  the  greater 
than  additive  effects  achieved  with  a  combination  of  alpha  and  delta  toxins.  The 
data  show  that  staphylococcal  enterotoxins  do  not  behave  as  bacterial  cytotoxins. 

The  activity  of  SEA  as  a  T- lymphocyte  mitogen  was  used  in  studies  of  the  initial 

interaction  between  mouse  lymphoid  cell  membranes  and  the  enterotoxin.  An  assay  was 
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developed  to  evaluate  the  specific  binding  of  I-labelled  SEA  (  I-SEA)  to  mouse 

lymphoid  cell  receptors.  Binding  was  specific  in  that  it  was  inhibited  by  unlabelled 

SEA  but  not  by  unrelated  proteins.  The  amount  of  specific  binding  correlated  with 

the  amount  of  mitogenic  stimulation.  Specific  binding  increased  rapdily  with  time  to 

125 

a  steady  state  and  increased  to  saturation  at  high  concentrations  of  I-SEA.  The 


amount  of  specific  binding  was  also  sensitive  to  temperature  and  pH.  Scatchard 
analysis  indicated  a  single  class  of  binding  sites  with  an  equiibrium  dissociation 


constant  of  8  X  lO'^M  and  approximately  3600  binding  sites  per  spleen  cell.  In 

addition  to  SEA  and  antigenical ly  distinct  unlabelled  staphylococcal  enterotoxins , 

staphylococcal  enterotoxin  B  and  staphylococcal  enterotoxin  E,  competitively  inhibited 
125 

binding  of  I-SEA  to  mouse  lymphoid  cells.  This  indicates  a  common  class  of  binding 

sites  for  these  three  staphylococcal  enterotoxins. 

125 

Evaluation  of  I-SEA  specific  binding  sites  on  mouse  lymphoid  cell  subpopulations 

125  125 

showed  that  T-lymphocytes  bind  less  I-SEA  than  do  B- lymphocytes.  I-SEA  did  not 
bind  to  macrophages  in  detectable  amounts.  However,  an  evaluation  of  the  cell-cell 
interactions  involved  in  the  mitogenic  response  to  SEA  showed  that  both  B-lymphocytes 
and  macrophages  participate  in  the  T-lymphocyte  mitogenic  response  to  the  enterotoxin. 
Splenic  B-lymphocytes  greatly  enhanced  the  otherwise  weak  mitogenic  response  of  thymic 
T-lymphocytes  to  SEA.  Also,  macrophages  apparently  take  up  SEA  by  a  pinocytic  process 
which  is  temperature  and  cyanide  sensitive.  Thus,  macrophages  exposed  to  SEA  for  3  hr, 
then  thoroughly  washed,  trigger  mitogenesis  in  fresh  spleen  cell  cultures  without 
additional  SEA.  The  specific  interaction  between  SEA  and  lymphoid  cells  and  the  corre¬ 
sponding  lack  of  demonstrable  direct  cytotoxicity  for  SEA  supports  an  hypothesis  that 
SEA  may  act  in  vivo  via  an  immunologic  rather  than  a  direct  cytotoxic  mechanism. 

Another  alternative  which  was  explored  in  a  preliminary  way  is  that  SE's  may  act 
on  nerve  cells.  This  would  be  compatible  with  the  notion  espoused  by  several  investi¬ 
gators  in  the  past  that  SE's  exert  their  emetic  action  by  direct  effects  on  the  nervous 
system.  We  tested  SEA  and  SEB  on  a  neuroblastoma  cell  line  and  found  that  the  toxins 
induced  neurite  formation  in  vitro.  This  "differentiation"  of  the  neuroblastoma  cell 
upon  exposure  to  the  enterotoxins  indicates  a  direct  cell-cell  interaction;  i.e.  that 
toxin  interacts  with  the  nerve  cell  by  a  specific  toxin  ligand-cell  receptor  mechanism. 
This  exciting  observation  will  form  the  basis  for  a  new  research  grant  application  to 
be  submitted  to  the  Army  Research  Office  later  this  year. 
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Staphylococcal  Enterotoxins  Fail  to  Disrupt  Membrane 
Integrity  or  Synthetic  Functions  of  Henle  407  Intestinal  Cells 

STEPHEN  BUXSER  and  PETER  F.  BONVENTRE* 

Department  of  Microbiology,  University  of  Cincinnati  College  of  Medicine,  Cincinnati,  Ohio  45267 


The  potential  cytotoxic  activity  of  purified  staphylococcal  enterotoxins  for 
mammalian  cells  was  evaluated.  The  effects  of  staphylococcal  enterotoxins  A 
(SEA)  and  B  (SEB)  on  cell  membrane  integrity  as  measured  by  leakage  of  labeled 
cytoplasmic  constituents  {[^H]uridine),  amino  acid  transport  (lysine  and  amino- 
isobutyric  acid),  and  macromolecular  synthesis  (protein,  ribonucleic  acid,  and 
deoxyribonucleic  acid)  was  evaluated  for  a  human  intestinal  epithelial  cell  (Henle 
407).  No  evidence  of  cytotoxicity  by  any  of  these  criteria  could  be  detected  for 
cell  monolayers  incubated  with  SEA  for  periods  of  between  30  min  and  24  h. 
Purified  staphylococcal  hemolysins  (alpha-  and  delta- toxins)  were  shown  to  exert 
cytotoxicity  by  the  leakage  and  amino  acid  uptake  assays.  In  efforts  to  detect 
synergistic  effects  between  enterotoxin  and  the  staphylococcal  cytotoxins,  mem¬ 
brane  functions  were  evaluated  after  sequential  or  combined  treatment  with 
enterotoxin  and  alpha-toxin  or  with  enterotoxin  and  delta-toxin.  In  no  instance 
could  a  contribution  to  cytotoxicity  by  the  staphylococcal  enterotoxin  be  detected. 
That  the  assays  were  sufficiently  sensitive  to  detect  synergistic  effects  was  shown 
by  the.  greater  than  additive  effects  achieved  with  a  combination  of  alpha-  and 
delta- toxins.  The  data,  contrary  to  previous  reports,  showed  that  staphylococcal 
enterotoxins  did  not  behave  as  bacterial  cytotoxins. 


Several  antigenically  distinct  staphylococcal 
enterotoxins  are  produced  by  a  significant  per¬ 
centage  of  Staphylococcus  aureus  clinical  iso¬ 
lates.  The  toxins  cause  severe  food  poisoning  in 
humans.  Symptoms  of  this  clinical  entity  include 
vomiting,  diarrhea,  and  nausea,  usually  within  8 
h  after  ingestion  (2),  and  the  toxin  serotypes 
produce  the  same  clinical  syndrome.  Although 
enterotoxins  A  (SEA),  B  (SEB),  and  C  are  dis¬ 
tinct  proteins,  they  have  similar  physiochemical 
properties  (1).  SEA  is  most  frequently  associated 
with  human  food  poisoning  outbreaks.  Further¬ 
more,  this  toxin  serotype  is  most  readily  availa¬ 
ble  in  highly  purified  form  (18).  Therefore,  SEA 
was  chosen  for  this  study,  although  some  exper¬ 
iments  using  SEB  were  also  included. 

The  biochemical  mechanism  by  which  staph¬ 
ylococcal  enterotoxin  acts  is  unknown.  One  of 
several  mechanisms  suggested  is  a  direct  cyto¬ 
toxic  effect  of  ingested  toxin  on  gastrointestinal 
tissues.  Observations  that  support  this  view  in¬ 
clude  acute  exogenous  gastritis  observed  in  out¬ 
breaks  of  staphylococcal  food  poisoning  (11), 
lesions  of  the  small  intestine  observed  in  rhesus 
monkeys  given  SEB  by  mouth  (8),  and  changes 
in  intestinal  transport  of  fluids  and  electrolytes 
as  a  result  of  the  administration  of  enterotoxins 
(6,  19).  These  data  suggest  that  staphylococcal 
enterotoxins  may  disrupt  normal  intestinal 
physiology  but  do  not  describe  what  changes,  if 


any,  occur  in  intestinal  mucosal  cells.  Opportu¬ 
nity  for  study  of  toxin  action  is  provided  by  in 
vitro  experimental  models. 

Using  an  established  tissue  culture  line  of 
embryonic  intestinal  mucosa  (Henle  407),  Schaf¬ 
fer  et  al.  (15,  16)  and  Schaffer  (14)  observed  a 
cytopathic  effect  and  a  significant  reduction  in 
cellular  protein  of  monolayers  treated  with  en¬ 
terotoxin  for  periods  of  between  24  and  48  h. 
Although  microscopically  visible  cytopathic 
changes  and  apparent  cessation  of  cell  growth 
suggested  a  direct  cytotoxic  action  of  enterotoxin 
on  intestinal  epithelial  cells,  these  oKservations 
were  not  conclusive.  There  have  been  no  .subse¬ 
quent  studies  on  the  putative  cytotoxic  action  of 
staphylococcal  enterotoxins  by  using  sensitive 
and  quantitative  assays  currently  available  to 
detect  mammalian  cell  damage.  The  in  vitro 
assay  developed  by  Thelestam  et  al,  (20-22), 
which  quantitatively  meavsures  leakage  of  low- 
molecular-weight  compounds  from  previou.sly 
labeled  mammalian  cell.s,  and  an  a.s.say  devel¬ 
oped  by  Duncan  and  Buckingham  (3),  which 
measures  inhibition  in  amino  acid  or  sugar  up¬ 
take  as  a  result  of  subtle  membrane  damage,  are 
extremely  sensitive  indicators  by  which  cytotox¬ 
icity  may  he  a.ssessed.  'fhus,  these  a.s.says  were 
u.sed  to  evaluate  cell  damage  induced  by  SEA 
and  SEB.  In  addition,  we  also  measured  s<*v(‘ral 
metabolic  parameters  of  macromolecular  syn- 
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thesis  in  efforts  to  detect  changes  produced  as  a 
result  of  enterotoxin  interaction  with  the  cells. 

Since  no  definitive  evidence  exists  that  staph¬ 
ylococcal  enterotoxins  are  in  fact  cvtotoxins,  we 
included  as  positive  controls  two  staphylococcal 
toxins  which  are  recognized  cytotoxic  agents.  In 
addition,  these  staphylococcal  toxins  were  used 
in  experiments  in  which  treatment  of  mamma¬ 
lian  cells  with  either  alpha-  or  delta-t(»xin  was 
combined  either  simultaneously  or  sequentially 
with  staphylococcal  enterotoxin.  The  rationale 
for  such  experiments  was  to  detect  effects  of 
enterotoxin  which  might  not  be  detected  by 
treatment  with  the  enterotoxin  alone.  A  syner¬ 
gistic  effect  on  cells  by  more  than  a  single  toxin 
of  staphylococcal  origin  was  a  possibility  which 
required  testing. 

The  data  which  were  obtained,  however, 
showed  unequivocably  that  SKA  and  SKB  did 
not  behave  as  cytotoxic  protein  toxins  on  the 
Henle  407  cell  line.  Knterotoxin  caused  no  alter¬ 
ation  in  membrane  integrity  or  function,  and 
cellular  macromolecular  synthesis  was  unaf¬ 
fected  by  treatment  with  toxin  at  concentrations 
exceeding  by  several  orders  of  magnitude  those 
required  for  induction  of  emesis  in  humans  {U. 

MATERIALS  AND  METHODS 

Isotopes.  Radioisotopes  were  obtained  from  New 
England  Nuclear  Corp..  Boston,  Ma.ss.:  {onivthyl- 
'Hlaminoisobutyric  acid  (A IB:  specific  activity.  ’0  Ci/ 
mmoh,  [o-l-'H''lAIB  (.specifit'  activity.  51. (>  ri/nimol): 
i.-lt;  ‘Hllvsine  (specific  activity.  4.1  C'i/minoh;  and 
l5.«-‘Hlu  ridine  (specific  activity.  40.8  ('i/mmol). 

Toxins.  Sfaphylococtal  alpha-toxin  was  obtained 
from  Sidney  Harsh  man,  Vanderbilt  University.  Nash¬ 
ville.  Tenn.  Burified  toxin  contained  lO.tXX)  hemolytic 
units  per  mg  of  protein.  Alan  Bernheimer,  New  York 
University  School  of  Medicine,  kindly  .supplied  puri 
fled  delta-toxin.  The  delta-toxin  preparation  contained 
1(X)  hemolytic  units  per  mg  of  protein.  SKA  and  SKB 
were  provided  by  Leonard  Spero.  U  S.  Army  Medii  al 
Research  Institute  of  Infectious  Diseases.  Kt  Del  rick. 
Md.,  and  Merlin  Hergdoll,  Food  Research  Inslitutc. 
University  of  Wisconsin,  Madison.  4'h<‘  enterotoxins 
had  been  purified  by  the  method  of  St  hantz  et  al  ( 17. 
181.  4’he  enterotoxin  preparations  were  free  of  c  ontarn- 
inating  hemoly.sins. 

Tihnuc  culture  and  tiasue  culture  medium.  'I'he 
Henle  407  human  intestinal  epithelial  cell  line  (A'fUC' 
(’('Lb)  was  obtained  froni  the  American  Type  Uulturc 
Collection,  Rockville,  Md.  This  cell  line  was  estab¬ 
lished  originally  by  W.  Henle  from  jejunum  and  ileum 
<»f  a  2-month-old  human  embryo.  Kfru  2  fibroblasts 
of  (MH  mouse  origin  wt^re  obtained  from  (leorge  To- 
daro.  National  ('ancer  Institute,  Belhesda,  Md.  'fissue 
culture  medium  was  obtained  from  (llBCO  Labora¬ 
tories.  (Irand  Island.  N  Y.  (Irowth  medium  consisted 
of  Hanks  balanced  salts  solution  (HBSSf  basal  Eagle 
medium  (BMK).  and  10'/  fetal  calf  serum.  I'i.ssue 
culture  plasta  supfdies  were  oblainer)  from  the  Costar 
Division  ot  Belli  o  (lla.ss,  \  ineland.  N  1  .  both  t>  well 


(no.  ;15(M0  and  24 -well  (no.  ;1.524)  cluster  dishes  were 
used. 

1‘^Hluridine  leakage  a«say.  4'be  a.s.savs  described 
originally  by  I'helestam  el  al.  (20-22)  were  used  to 
delect  cytotoxicity.  Henle  407  human  epithelial  cells 
and  lOTl/2  mouse  fibroblasts  were  cultured  as  mono 
layers  in  24 -well  tis.sue  culture  plates  in  B.MK  plus  10'. 
fetal  calf  serum  as  the  growth  medium.  (Vlls  were 
grown  to  le.ss  than  total  confluence  before  use  ui 
experiments.  |  ‘H)uridin<’  labeling  of  cell.s  wa.s  ac( oiu 
pushed  by  removing  growth  medium  from  the  mono 
layers  and  replacing  it  with  fresh  BMK  containing  in 
^Ci  of  l'H]undine  per  ml  for  2  h  followed  bv  a  2  b 
chase  w'ith  medium  free  of  radiolabel.  'fbe  cells  were 
washed  three  times  with  irist  hydroxy  met  by  llami 
nomethane-buffered  .saline  (pH  7, .5)  follow ♦*d  hv  iiu  u 
bation  with  or  wiihoui  toxin  in  the  buffer  for  lo  mm 
I’he  supernatant  was  aspirated,  and  radioa<  tiv  itv  in  a 
0.1 -ml  portion  in  lOmlof  Pbrifl  Solve  t  Kew  .Sricni  ifn  . 
Columbus,  Ohio)  was  counted  to  d»*termine  the  ipian 
lit»  of  undine  which  leaked  from  the  lells  Maximal 
release  of  cellular  label  wa.s  determined  hv  <ii.snipfmg 
the  cells  with  0. r.  'fritoii  \-100 

'Lhe  amount  of  [  ‘Hlundmi*  released  from  tin-  e»-ll> 
as  a  con.seqiience  of  specific  nwmhrane  damage  wa.'* 
calculated  according  to  the  formula. 

release 

cpm  released  -  cpm  spontaneously  r<‘lease(l  ^ 
total  cpm  -  cpm  spontaneously  released 

Amino  acid  uptake  assay.  Duncan  and  Buck 
ingham  (2)  showed  that  inhibition  of  hexose  or  ammo 
acid  uptake  was  a  more  sensitive  indicator  of  mem 
hrane  damage  than  as.says  based  on  leakage  ol  intra¬ 
cellular  components.  Henle  407  cells  were  grown  to 
near  conlluenee  in  six -well  (.15- mm  diameter)  plastu 
ti.s,siie  culture  dishe.s.  BMK  was  a.spirated,  and  each 
well  was  rin.sed  two  times  with  HBSS.  'I'he  plates  wen- 
floated  on  a  water  bath  at  .27'^ C.  and  2  ml  ()f  |  '‘('1A1B 
(0.5 /d'i/ml  in  1.0  mM  AIB)  or  i -[  'Hjlysme  (1  /d*i  ml 
in  fO  mM  l -lysine)  in  HBSS  was  added  to  the  in*uu> 
layers  iri  each  well  for  20  min.  Brelirnmarv  exfM-nmenl.** 
mduated  that  the  uptake  of  both  amino  acids  had 
attained  saturation  within  this  20  inin  period  .\\  tiu- 
coin  lusion  of  mcuhatum.  the  laheled  ammo  at  id  solo 
turn  was  a.spirated.  the  dish  was  placeii  tui  ice.  anti 
eaeh  wi*ll  was  rinsed  tpiiekly  three  times  with  2  ml  ol 
ct»ld  phttsphate  buffered  saline  il^B.S.  pH  7  41  (’t-lis 
were  .sohihih/ed  iii  I  .5  ml  of  0  2  .N  .NaOH.  ami  O  a  ml 
wa.s  remtived  tor  protein  deteiinmat ion  tlOi  A  1  0-ml 
sample  neiitralizetl  w  ith  H(’l  was  atldt*d  lt»  a  sunt  ilia 
tion  vial  containing  12  ml  of  Kewst>lve  (Kew  .St  icMlifu  i 
and  counted  m  a  I’ackard  mt>del  212.5  semt dial it>n 
spet  trt)pht>tomet er. 

Several  experiments  invtilved  usi-  ot  twn  ammo 
acids  .simultaneously,  in  whit  h  case  hotti  )  "(').MB  at 
0.5 /i('t ml  and  i  I'Hllysme  at  I  0/((‘i  ml  w  t>re  atldt-tl 
to  the  nicnhation  medium  'fhe  window  settings  tor 
discriminating  "('  and  'H  in  dtuihU*  lahelmg  expcri 
inents  were  determined  as  descnltetl  liv  Bet  kman  In 
struments.  Inc.  (technital  report  015  N  Tt'  70  77l 

SKA  cffcctK  on  celU.  SKA  was  tlissolvetl  in  IM<S 
at  2t)))  times  the  desired  final  t  (incein r.it ion  At  tin* 
beginning  of  each  experiment,  a  10  gl  pt*riion  (>1  SK.\ 
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was  added  to  each  well  containing  2  ml  of  tissue 
culture  medium  and  mixed  well.  Cells  were  incubated 
at  dT’^C  for  the  indicated  period  in  a  f/j  CO,,  atmos¬ 
phere  before  rinsing  in  HBSS  and  processing  for  eval¬ 
uation  of  amino  acid  transport  as  described  above. 

Macromolecular  synthesis  by  cells  treated 
with  SEA.  Henle  407  cells  grown  for  3  days  in  24- well 
tissue  culture  dishes  were  used  for  ascertaining  de 
novo  protein,  ribonucleic  acid  (KNA),  or  deoxyribo¬ 
nucleic  acid  (DNA)  synthesis.  Spent  medium  was  as¬ 
pirated.  and  fresh  medium  containing  SKA  or  a  rec- 
oghized  inhibitor  of  macromolecular  synthesis  as  a 
positive  control  was  added  to  the  wells.  Pseudomonas 
exdtoxin  A  was  used  as  an  inhibitor  <»f  protein  synthe¬ 
sis  (12).  actinomycin  1)  was  used  as  an  inhibitor  of 
KNA  synthesis,  and  mitomycin  C  was  used  as  an 
inhibitor  of  ONA  synthesis.  To  determine  protein 
synthesis,  [‘Hlleucine  (2  fiCi/ml)  was  added  for  90 
mint  KNA  synthesis  was  determined  after  24  h  of 
incubation  with  ['Hluridine  at  a  concentration  of  1 
^Ci/ml;  and  DNA  synthesis  was  determined  after  4  h 
of  incubation  with  1  /iCi  of  [ ’Hlthymidine  per  ml.  All 
radiolabeled  solutions  were  added  in  fresh  BMK  with 
1(/?  fetal  calf  serum  which  also  contained  the  appro¬ 
priate  radiolabel  and  toxin  at  the  concentration  noted 
in  Table  0.  Cells  in  each  well  were  dissolved  in  0.1 ''f 
sodium  dodecvl  sulfate  and  precipitated  with  an  equal 
volume  of  trichloroacetic  acid.  The  resulting  pre¬ 
cipitate  was  washed  with  .W  trichloroacetic  acid,  dis¬ 
solved  in  1  N  NaOH.  and  evaluated  by  liquid  .scintil¬ 
lation  counting. 

Statistical  analysis.  Statistical  analysis  for  exper¬ 
iments  with  equal  numbers  of  replicates  was  done  by 
using  analysis  of  variance  as  described  by  Hicks  (.“j). 
Analysis  <jf  data  w  ith  unequal  replicates  was  done  by 
u.sing  the  General  Linear  Models  program  of  the  Sta¬ 
tistical  Analysis  System  computer  package  at  the  Ifni- 
versity  of  Cincinnati  Computer  Center.  As  described 
by  Hicks  (5),  the  “interaction"  term  referred  to  in 
Tables  2  and  3  is  a  measure  of  the  change  in  response 
of  one  factor  under  the  influence  of  a  second  factor. 
Specifically,  a  .statistically  .significant  interaction  was 
interpreted  as  cell  damage  due  to  a  combined  toxin 
treatment  greater  than  the  .sum  of  effects  of  the  toxins 
administered  separately,  i.e.,  a  synergLstic  effect.  For 
data  stati.stically  significant  as  measured  by  analysis 
of  variance  or  the  general  linear  model,  the  means 
which  were  statistically  .significant  were  determined 
by  Duncan’s  multiple- range  test. 

RESULTS 

Synergistic  action  of  staphylococcal  aU 
pha-  and  delta-toxins.  The  effects  of  .staphy¬ 
lococcal  alpha -toxin,  delta- toxin.  SKA,  and  SKB 
on  leakage  of  { 'H  luridine  from  prelabeled  cells 
are  .shown  in  Table  1.  Only  delta-toxin  was 
overtly  cytotoxic  as  measured  by  increa.sed  leak¬ 
age  of  ('H luridine  by  l()Tl/2  fibrobla.sts  or 
Henle  407  cells.  A  similar  leakage  a.ssay  (data 
not  shown)  using  cells  prelabeled  with  [o-'H|- 
AIB  detected  damage  induced  by  .staphylococcal 
alpha-toxin  as  well  as  the  delta-toxin.  However, 
with  either  a.s.say,  nc)  leakage  of  uridine  or  AIB 


Tabi.k  1.  I  'Hiundine  leakati^’  from  prelahe/cd  ceils 
exposed  to  staphylocitccai  toxins  “ 


1  l  IfnU 

IVIl  lype  ^ 

Toxin  i/ig ml) 

1  age  C'  riiaxc 

lUUIlU 

lOTl/2  mouse  fi- 

Knterotoxin  A  ( 10)  ' 

2.H  i  2.0 

broblast 

Knteroloxin  A  (20) 

-O.l  1  l.ri 

Knterotoxin  A  ( 100) 

!  4.4  ±1,5 

Knterotoxin  B  <  100) 

1  3.0  ±  2..3 

Delta-toxin  ( 1 ,0) 

3,0  ±1.2 

Delta-toxin  (2. a) 

I  H.H  ± 

Delta-toxin  l.a.O) 

18.8  ±  5.0'' 

Delta-toxin  (2.^>.0) 

!  04,4  ±  14.4' 

Alpha-toxin  (3.2) 

’  5,5  ±  3  5 

Alpha-toxin  (.32.0) 

0.8  ±  2.7 

Henle  407  human 

Knterotoxin  A  (10) 

1.8  ±  l.,3 

intestinal  epi¬ 

Knteroloxin  A  (20) 

1  2.7  ±  0.(i 

thelial 

Knterotoxin  A  ( l(K)) 

2.8  ±  1 .5 

Knterotoxin  H  1 100)  | 

'  4.2  ±  1.8 

Delta-toxin  ( 1 .0)  i 

2.8  ±  I.l 

Delta-toxin  (2. .7) 

0.2  ±  .3  2 

Delta-toxin  (5.0) 

.3.8  ±  4.5 

[  Delta-toxin  125.0)  ' 

19.9  ±  12.1 

Atpha-toxiii  (0.3)  i 

2.2  ±  1.0 

Alpha-toxin  (.32) 

3.0  ±  1 .4 

“  Kach  value  is  the  mean  of  8  tt)  12  determinal icuis 
±  standard  deviation.  Henle  407  {-ells  or  Hfr',  mouse 
fibroblast.s  were  grown  to  near  (onOuem  e  on  24-weJ) 
ti.ssue  culture  plates.  Spent  medium  was  aspiratt*d 
and  replaced  with  fresh  medium  containing  I  /K'l  «»f 
[‘H luridine  per  ml.  A  2-h  incubation  was  followed  b\ 
a  2-h  chase  with  fresh  medium  without  radiolaheU*d 
components.  H'he  lells  wert*  washed  (hret*  times  with 
tris(  hydroxy  met  hyhaminoir**  thane -buffered  saline 
followed  by  incubation  with  toxin  in  the  buffer  Idi  -JO 
min  at  .17 ‘’C.  Sephadex  (i-2r)  gel  chromatography  re 
vealed  that  cells  labeled  by  this  technique  leaked 
materials  of  low  molecular  weight  (<2,-'><H))  that  there¬ 
fore  repre.sented  free  uridine  and  oligonucleotides. 

'’Statistically  significant  (/*<  0.1)0). 

greater  than  control  values  was  induced  by  SKA 

The  as,say  of  Buckingham  and  Duncan  (3), 
which  measures  uptake  of  amino  ac  ids  by  ti.ssue 
culture  cells  after  toxin  treatment,  was  also  u.sed 
in  efforts  to  detect  cytotoxic  ity.  'I'hc^  amino  ac  ids 
lysine  and  AIB  were  chosen  for  study  since  they 
represent  amino  acid  species  takcm  into  mam 
malian  cells  via  different  transport  systems  (4). 
Although  independent  transport  systems  wen^ 
not  demonstrated  spec  ifit  ally  for  Henle  407  c  cdls. 
our  experiments  showed  that  cold  t. -lysine  in 
excess  did  not  inhibit  uptake  of  labeled  AIB 
significantly,  and,  cotnerscdy,  unlabeled  AIB  in 
hibited  lysine  uptake  only  slightly  (data  not 
shown).  'Lhiis,  the*  two  transport  systc*ms  ap¬ 
peared  to  be  indepcuident  in  Hcuih*  407  ( cdls. 

It  was  also  important  to  evaluate*  t  In-  poteuil  lal 
c  ytotoxicity  of  SKA  .and  SKB  together  w  ith  the* 
known  evtotoxins  staplivlococcal  alpha-  and 
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(leUa't(»xiiis.  rherulort*,  as  j)(>sitive  controls  in 
tlu*  assays,  the  effects  on  AIH  and  lysine  trans¬ 
port  after  treatment  of  Henle  407  cells  with 
alpha*  or  delta-toxin  alone  or  both  toxins  in 
combination  are  shown  in  Table  2.  Delta-toxin 
did  not  substantially  reduce  transt)ort  of  either 
AlB  or  lysine  except  at  the  highest  dose  tested 
1 10  pg/rnll.  Alpha-toxin  treatnietu  of  (ells  re¬ 
duced  trans{)ort  of  both  amino  a(  ids  at  (om  en- 
trations  of  d  ,ag/ml  or  greater.  Combinations  of 
alpha-  and  delta-toxins  produced  significant  de¬ 
creases  in  amino  acid  uptake  at  concentrations 
which,  when  adn\inistered  singly,  had  no  meas¬ 
urable  inhibitory  effect.  For  example,  alpha-  or 
delta- toxin  at  1  ^(g/ml  was  not  inhibitory  hir 
amino  acid  transport.  However,  combined  treat - 
n\ent  with  both  toxins,  each  at  that  concentra¬ 
tion.  substantially  reduced  uptake  of  AIH  (20^V ) 
and  lysine  (5;Cr).  Similar  synergistic  effects  by 
alpha-  and  delta- toxins  were  evident  at  concen¬ 


trations  of  1  /ig  of  alpha-toxin  and  o  /tg  ot  delta- 
toxin  per  ml  or  b.f)  gg  of  alpha-toxin  and  o  /ig  ol 
delta-toxin  per  ml.  The  interaetion  of  the  eft(*cis 
of  the  alpha-  and  delta- toxins  was  statist icall\ 
significant  (P  <  O.(HK)l).  d'hese  ohser\<iti<HJs 
demonstrated  the  extreme  .sensiti\  i!y  of  the  up¬ 
take  assay  for  detection  of  subtle  cell  membrane 
perturbation  and  also  showed  that  the  a.ssa> 
could  detect  a  synergistic  action  of  two  cytoioxK 
agents  used  at  levels  below  threshold. 

Absence  of  cytotoxicity  of  staphylococcal 
enlerotoxin.  The  effects  of  a  24 -h  incubation 
with  SKA  at  concentrations  up  to  10  gg/rnl  on 
uptake  of  AIH  and  lysine  are  shown  in  'fable  f 
Knterotoxin  alone  had  no  significant  effect  on 
AIH  uptake  at  the  doses  tested.  Tells  treated 
with  enterotoxin  for  24  h  together  with  one  of 
the  hemolytic  toxins  for  the  last  ilO-miii  period 
showed  decreases  in  transport  of  AlB  and  lysine 
which  could  be  accounted  for  solely  by  the  ac- 


I’ahi.k  2.  tlffvct  of  i'i)mbined  hvmn}\tu  toxin  tfootment  on  onuno  ncut  ujitabr  h\  Hcnlv  4(f7 

evils' 


.Aiijjtu)  .u  ul  uplakr  i>l  tonirull  wiih  (l»*lia  luxiii  at 


Alpha 

— 

1 

1 

1 

loxin 

None 

1,0 

Mg.  ml 

5  0  rni  1 

100 

mil 

-  1 

"j 

— — 

— 

—  1 

AIM  ' 

Lysine 

AIM  ' 

Lysine 

AIM 

1  Lvsine 

AIM 

None 

KHI.O  ±  ;t.4'' 

1(H).0  ±  .4.2''  ^ 

89  ,4  ±  2.5' 

101.2  ±;?.o  1 

107.9  ±  10.5' 

104.2  ±  (4.0  181.1  ±  5.9  i 

0.5 

fM.fj  ±  4.f>  , 

99.9  ±  4.2 

8().;t  ±4.1 

94.4  ±  5.0  ' 

(ih.9  ±  2.0 

80.9  ±  2.2 

'  74. .5  ±  fi.  1  1 

1.0 

80.0  ±5.7 

104.0  ±  i;L2 

,40.:?  ±  .4.9 

5.4.4  ±  4.6'  1 

14.4  ±0,8  1 

1  ;?4..5  ±  0.8  ; 

173.5  ±  12.:  1 

;f.o 

'  .48. 1  ±  .5.4 

_ _  J 

.52.0  ±  8.4 

'  ,40.2  ±  8.0 

i  .55.;?  ±  10.1  1 

i  15.0  ±  2.8 

1  ;?(i.8  ±  :?,5  1 

1 1 1.0  ±  0.7  j 

n)i 


l.Nsiia- 

W.M  ±  S,.t 
S2.I)  ±  S  O 
Not  dotu‘ 
±  0.4 


■'  Nearly  confluent  monolayers  of  Henle  407  cells  in  well.s  were  rinsed  twice  with  HHSS.  'foxints)  at 

(he  ctMicentrations  noted  wa.s  added  in  2  ml  of  HHSS  for  dO  min  and  aspirated;  then  2  ml  of  labeled  amino  acid 
.solution  containing  I  mM  AlB  (I  /tCi/ml)  and  I  inM  lysine  (1  pCi/ml)  was  added  for  a  2()-min  incubation  at 
;17"'('  Wells  were  rapidly  washed  three  times  with  ice-cold  PBS.  and  cells  were  dis.solved  in  1  ml  of  O.  I  N  NaOfl, 
.Statistical  analysis  showed  .significant  interaction  of  the  combined  alpha-  and  delta -toxin  treatmiMit  on  AlB 
uptake  (/’  <  O.OOOn  and  lysine  uptake  iP  =  ().0(K);b.  The  values  listed  are  the  means  of  d  to  12  determinations 
±  standard  deviation. 

Normal  cimtri)!  values  for  AIH  an<i  Ivsiiu'  uptake. 


'Vabi.k  4.  Effvvt  of  pnitonpvd  SEA  pi  vlrvatmcnt  of  fivnlv  4i)7  vrlfs  on  oniino  avui  uptahv  ' 


th*iiiol\ in  t<»xin 
ipn  init 


Ncn»‘ 


.Atnmi' ill  111  ii[H;tki'  i'.  nf  l  onUnO  fOi  .SK.A  .ii 

1  u  iiM  ail  lo o  ini 


None 

.Alpha  <  1 4)) 
Alpha  (.1.0) 
Delta  (10) 
Delta  (.a.O) 
Delta  ( lOO) 


.\10 

ItKfO  ±  2.1 
±  7.7) 
:io.2  ±  r2.;t 
m.4  ±  0.7 
102.0  ±41 
m\.4  ±  2.0 


l.v.'iaa' 

100,0  ±  1.8 
101.2  ±  8.0 
.00.7  ±  8.8 
00.8  ±  5.7 
‘♦4.8  ±  2.8 
81,0  ±  2.0 


A  lit 

04.2  ±  4.0 
80,1  ±  0,0 
■'1().0  ±  11.0 
1M).1  ±  I.O 
01.0  ±  1,7 
00. (>  ±  0.0 


I 

00.7  ±  7.7 
102, ;i  ±  4.4 
.50. :t  ±  10  7 
05.0  ±  .4.0 
02.0  ±  ;l.U 
71.0  ±  5.U 


AIM 

00.. 1  ±  :l.2 
70.0  ±  7.1 
;i5.(i  ±  1 1  ,;i 
01.0  ±  2  7 
80.5  1  :t.l 
0(i()  ±  5.1 


I  ,\  siiu- 

00.4  ±  H.;( 
88.4  1  2.0 
7)7.fy  ±  Ki.L 
10,4.0  ±  2.5 
88. 1  ±  (>.h 
82.;?  ±  5  2 


"  SKA  in  10  pi  of  PHS  was  add<*(l  to  2  ml  of  BMK  plus  10',  fetal  ( alf  serum  in  .45  inm  W(‘lls  ol  Menlc  407  ct4l 
monolayers  24  h  before  evaluating  ammo  acid  transport.  After  the  24  h  prcitn  iibat ton  periixl  The  <  ells  were 
rinsed  twice  with  HHSS.  'foxintsl  ;it  the  eoncentrations  listt'd  was  iiddi'd  in  2  ml  of  HHSS  for  .4(>  mm  and 
aspirated,  then  2  ml  t>f  labeled  amimi  at  id  solution  containing  I  mM  AlB  ( 1  pf'i ml)  and  !  niM  lysme  1 1  pTi  mb 
was  added  for  20  min  of  iricuhation  at  .47  Protein  and  ratlioactiviiy  wer»‘  dett'rminetl  as  de.scnbed  m  loot  note 
o.  'fabje  2,  'Die  values  hsted  ;ire  (he  means  of  three  to  six  deternunat urns  ±  standard  deviation.  StatiNticjil 
iinalvsis  indieiOetl  no  significant  mtcraetion  lor  combined  enterotoxin  and  liemolvtu  toxin  tia'atmem  (/’  >001) 
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tiviiy  ot  the  luMiHjlytk-  toxiu.  No  syiUMgisio  do- 
tween  the  enterotoxin  anci  the  hemolytic  toxins 
was  evident. 

On  the  basis  of  these  flat  a.  wt^  <‘f)n(  lude  that 
SKA  caused  no  overt  n\enil)rM,ne  tlamage  of 
inaminalian  cells  or  modification  of  the  mem¬ 
brane  transport  systents  evaluated.  The  eiilero- 
toxm  also  did  not  predispose  tlie  plasma  mem¬ 
brane  of  Henle  407  cells  to  subsequent  damage 
by  other  staphylococcal  toxins. 

As  another  index  for  detecting  c>  totoxicity  of 
SKA.  macromolecular  synthesis  by  the  cell  cul¬ 
tures  exposed  to  the  toxin  was  assessed.  SKA 
hail  no  effect  on  syntliesis  of  protein,  1<NA,  or 
ON  A  when  incubated  with  Henle  407  cells  for 
periods  of  between  2  and  24  h  fi'able  4).  'rhus, 
it  may  be  concluded  that  SKA,  even  at  concen¬ 
trations  exceeding  physiological  doses,  does  not 
alter  macromolecular  .synthesis  of  the  intestinal 
epithelial  cells. 

DISCUSSION 

Our  observations  show  clearly  that  two  staph- 
>loco(’cal  enterotoxin  serotypes  exert  no  meas¬ 
urable  direct  cytotoxic  action  on  the  mammalian 
cell  cultures  tested.  Assays  of  membrane  leakage 
and  membrane  functional  integrity  li.e..  intact 
amino  acid  transport  systems)  demonstrate  that 
staphylococcal  enterotoxin  does  not  (pialify  as  a 
microbial  cytotoxin.  Studies  revealing  norfiial 
macromolecular  synthesis  by  mammalian  cells 
after  exposure  to  high  concentrations  of  entero¬ 
toxin  alsoilo  not  support  a  mechanism  involving 
direct  toxicity  tr>  gastrohitestinal  tissues.  It  was 
also  established  that  enterotoxin  does  not  act 
synergistically  to  augment  inhibitory  effects  of 
staphylococcal  alpha-  or  delta-toxin  on  AIH  or 
lysine  uptake  l)y  Henle  407  cells.  'The  evidenci* 


for  ahsem  e  of  ss  nergy  is  c<jmpelling.  since  tlie 
assay  used  was  shown  to  be  sufficiently  sensitis  e 
to  detect  synergism  between  alpha-  and  delta 
toxins.  'I'he  data  presented  in  this  report  showing 
that  sta}>hylococcal  enterotoxins  do  not  behave 
as  typical  cytotoxins  alone  (jr  in  comliinaiion 
with  known  cytotoxins  of  staphvlococc  al  origin 
are  significant,  for  they  mandate  that  other  th.m 
direct  mechani.sms  of  toxicity  he  evaluated.  In 
spite  of  considerable  efforts,  the  biochemical 
basis  of  staphylococcal  food  poisoning  remain.-- 
an  unresolved  i.ssue. 

In  addition  to  the  recognized  role  of  staphv- 
lococcal  enterotoxin  in  food-a.^sociated  gastroen¬ 
teritis.  enterotoxin  has  been  detected  in  staph- 
ylocoeca!  lesions.  In  a  clinical  study,  approxi 
mately  50' <  of  S.  aureus  isolates  from  patients 
with  skin  lesions  were  found  to  he  enterotoxin 
producers  1 24).  Oosefeyzk  (7)  reported  that 
staphylococcal  infections  freipiently  result  in  de¬ 
tectable  levels  of  servun  antitoxin.  'I'his  suggests 
that  enterotoxin  is  disseminated  s>  stem i(  all v 
from  staphylococcal  lesions.  Thus,  consideration 
for  a  role  of  enterotoxin  in  staphylococcal  infee 
(ions  becomes  potentially  signilKant.  Indeed,  en- 
terotoxin  administered  intravenoush'  to  rnon- 
ke>s  produces  profound  effects,  including  eint^- 
sis,  diarrhea,  and.  at  higher  doses,  shock,  fevt-r. 
and  death  (ll .  'Thus, staphylococcal eutevotoxms 
may  exert  important  effects  during  infection  not 
appreciated  because  the.se  entities  are  current  1\ 
cla.ssified  as  enterotoxins. 

'The  recent  recognition  that  enterotoxins  at  t 
as  potent  imnumomodulating  agents  (12.  2.2)  .u 
extremely  low  concentrations  (Pi  rai.ses  the  po.- 
sihility  that  they  may  act  via  mediation  of  ini- 
numological  phenomena  and  not  v  ia  a  dirt*t  tl\ 
expres.sed  cytotoxicity. 
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ABSTRACT 


125 

A  reliable  assay  to  measure  specific  binding  of  l-staphylococcal 
125 

enterotoxin  A  (  l-SEA)  by  murine  spleen  cells  is  described.  Toxin  binding  by 

lymphocytes  was  specific  in  that  it  was  inhibited  by  unlabelled  staphylococcal 

enterotoxin  A  (SEA)  but  not  by  unrelated  proteins.  The  biological  activity  of 

SEA  (T  lymphocyte  mitogenesis)  correlated  with  toxin  binding  to  splenic 

125 

lymphocytes.  In  the  presence  of  high  concentrations  of  1-SEA,  specific 

binding  increased  rapidly  and  approached  saturation  after  two  hours.  Toxin 

binding  was  sensitive  to  temperature  and  pH  and  was  directly  proportional  to  the 

concentration  of  spleen  cells  in  the  incubation  mixture.  A  single  class  of  toxin 

binding  sites  with  an  apparent  equilibrium  dissociation  constant  of 

8  X  I0"^M  and  numbering  3600  sites  per  cell  was  estimated.  SEA  and  the 

antigenically  distinct  SEB  and  SEE  in  excess  competitively  inhibited  binding  of 
125 

l-SEA  to  mouse  spleen  cells.  The  data  suggest  a  common  class  of  binding 
sites  for  the  three  staphylococcal  enterotoxins. 


KnITRODUCTION 


Staphylococcal  enterotoxins  comprise  a  group  of  five  antigenically  distinct 
proteins  of  MW  28,500  secreted  during  growth  by  a  significant  percentage  of 
Staphylococcus  aureus  isolates  (I).  The  toxins  elicit  a  variety  of  biological 
activities  including  induction  of  diarrhea  and  emesis  in  primates  (I).  They  also 
act  as  polyclonal  mitogens  (13)  and  depress  antibody  production  (20).  In  a  study 
comparing  the  mitogenicity  induced  by  the  polyclonal  T-lymphocyte  mitogens 
concanavalin  A  (Con  A),  phytohemagglutinin  (PH A)  and  staphylococcal  entero- 
toxin  A  (SEA),  Langford,  et  al.  (II)  estimated  that  SEA  is  the  most  potent 
mitogen  discovered  to  date.  It  has  also  been  suggested  that  mitogenic 
substances  of  staphylococcal  origin  may  induce  lymphotoxin  synthesis  (22).  Thus, 
one  may  speculate  ihat  one  or  more  lymphokines  may  contribute  in  part  to 
manifestations  of  gastrointestinal  and  systemic  toxicity.  The  significant  effects 
of  staphylococcal  enterotoxins  on  antibody  (20),  interferon  (11)  and  migration 
inhibition  factor  production  (9)  as  well  as  toxin  suppression  of  allograft  rejection 
(14)  indicote  that  staphylococcal  enterotoxins  may  be  important  as  immunologic 
m.ediators  in  addition  to  any  direct  toxicity  they  may  exert. 

There  is  evidence  that  specific  cell  receptors  play  a  critical  role  in  the 
stimulation  of  mitogenesis  induced  by  polyclonal  lymphocyte  mitogens  (2,12,15). 
A  previous  study  (23)  provides  indirect  evidence  for  presence  of  specific 
staphylococcal  enterotoxin  receptors  on  lymphocyte  membranes.  The  present 
study  provides  direct  evidence  for  specific  binding  of  SEA  by  spleen  cells  as  the 
first  step  in  lymphocyte  mitogenesis.  It  also  demonstrates  that  SEA  associates 
with  lymphocytes  by  specific  ligand-receptor  binding.  Additionally,  the  binding 
character istics  of  SEB  and  SEE  by  murine  spleen  cells  are  similar  to  those  of 
SEA.  The  data  suggest  that  this  group  of  antigenically  distinct  but  biologically 
similar  microbial  toxins  mediate  mitogenic  stimulation  via  common  receptors  on 
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the  lymphocyte  surface. 


MATERIALS  AND  METHODS 

Murine  spleen  ceils 

Spleen  cells  were  obtained  from  6-12  week  old  C57BI/6  (C57)  female  mice 
purchased  from  Laboratory  Supply  Company,  Indianapolis,  Indiana.  Spleens  were 
aseptically  removed  and  the  spleen  cells  were  teased  from  the  organ  capsule  into 
a  35  mm  tissue  culture  dish  containing  RPMI  1640  tissue  culture  medium 
(Microbiological  Associates,  Walkersville,  MD.).  Cells  were  washed  and 
resuspended  in  RPMI  1640  +  I0?^>  fetal  calf  serum  (PCS)  before  use. 

Isotopes 

Isotopes  were  purchased  from  New  England  Nuclear  Boston,  MA;  (methyl- 

1  IOC 

['^H]  )-thymidine  (6.7  Ci/mmol);  carrier  free  Na  "^^1  (17  Ci/mg)  in  0. 1  N  sodium 
hydroxide. 

Stgphylcoccal  enterotoxins 

Staphylococcal  enterotoxin  A  (SEA),  staphylococcal  enterotoxin  B  (SEB) 
and  staphylococcal  enterotoxin  E  (SEE)  were  purified  by  published  methods 
(18,19). 

Henie  407  cells 

The  Henie  407  embryonic  human  intestinal  epithelial  cell  line  (ATCC-CL6) 
was  obtained  from  the  American  Type  Culture  Collection,  Rockville,  MD.  This 
cell  line  was  established  originally  by  Dr.  W.  Henie  from  jejunum  and  ilium  of  a 
two  month  human  embryo.  Cartier  (6)  has  suggested  that  this  cell  line  is  one  of 
several  which  may  now  be  contaminated  with  HeLa  cells  and  thus  the  relation¬ 
ship  of  Henie  407  to  human  intestinal  cells  is  uncertain.  The  cells  were  grown  in 
Eagles'  basal  medium  (Gibco,  Grand  Island,  New  York)  and  10%  PCS.  The  cells 
were  detached  from  the  surface  by  incubation  with  0.1%  EDTA  in  phosphate 
buffered  saline,  washed  and  resuspended  in  RPMI  1640  +  (0%  PCS. 


Mitoqenesfs  assay.  To  evaluate  early  events  in  the  process  leading  to 
nnitogenesis,  it  was  necessary  to  develop  an  assay  in  which  contact  with  toxin 
(mitogen)  was  of  limited  duration.  Spleen  cells  (3  x  10^)  suspended  in  0.5  ml 
RPMl  1640  +  10%  FCS  were  added  to  0.5  ml  of  medium  containing  20  pg/ml  SEA 
in  a  1.5  ml  sterile  polypropylene  vial  (Kew  Scientific,  Columbus,  Ohio),  1  he 
tubes  were  gassed  with  10%  CO2  ond  incubated  at  37^C  for  3  lirs  after  which  the 
vials  were  centrifuged  at  lOOOx  g  for  5  min.,  washed  twice  ond  resuspended  in 
RPMl  1640.  Cells  were  counted  using  a  Coulter  Counter  Model  ZB  (Coulter 
Electronics,  Hialeah,  FLA)  and  lymphocyte  viability  was  evaluated  by  Iryoan 
blue  dye  exclusion.  Cells  were  diluted  in  RPMl  I640  +  I0%  FCS  and  dispensed 
into  96-well  microtiter  plates  (Costar  Division  of  Bellco  Glass  Co.,  Vineland, 
N.J.)  at  a  concentration  of  lO^  cells/well.  Incubation  of  microtiter  plates  at  37^ 
C  in  I0%  CO2  in  air  without  additional  mitogen  was  continued  for  a  total  of  48 
hrs,  the  last  4  hrs  of  which  cells  were  pulsed  with  0.5  pCi/well  of  ^H-thymidinc. 

Cells  were  collected  on  glass  fiber  filters  by  vacuum,  washed  with  saline 
and  finally  with  95%  ethanol.  Filter  pads  were  placed  in  scitdillation  vials  with 
lO  ml  Scintiverse  scintillation  fluid  (Fisher  Scientific,  Cincinnati,  OH)  and 
counted.  To  measure  temperature  dependence  of  binding,  the  initial  3  hr 
incubation  in  the  presence  of  SEA  was  carried  out  at  4°C,  22°C,  or  37^C  before 
the  cells  were  washed  free  of  nonassociated  toxin  and  resuspended  in  RPMl  1640. 
Incubation  was  then  continued  for  a  total  of  48  hrs.  Experiments  to  determine 
the  effect  of  pH  on  the  interaction  of  spleen  cells  and  SEA  were  performed  in  a 
modified  incubation  solution.  Sh  A  (2x  concentrated)  was  dissolved  in  f^^PMI  I640 
with  loo  mM  sodium  phosphate  buffer  at  phi  6.0,  6.5,  7.0,  7.5,  or  8.0,  An  alic|uot 
of  spleen  cells  (6  x  lO^/rn!)  in  f’^I^Ml  I640  I0%  F  CS  was  added  to  tF'»e  toxin  in 
modified  f^xPfy\l  I640,  Spleen  cells  were  incubated  at  each  for  3  hrs  at  37^^ 
in  tfie  prt‘S(»n(,'f‘  of  Si. A.  Cells  were  tfi(*n  washett  and  incubation  was  ('onfmued  in 
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the  absence  of  toxin.  Incorporation  of  H-thymidine  during  the  last  4  hr  of 
incubation  was  measured  as  described  above. 

Trypsin  treatment  of  spleen  cells.  Washed  spleen  cells  (3  X  lO^/ml)  were 
incubated  for  30  min  at  37^C  in  HBSS  pH  7,4  containing  l.O  mg/ml  trypsin  (281 
p/mg;  Worthington  Biochemicals  Corp.,  Freehold,  N.J.).  Cells  were  then  usee  in 
the  SEA  mitogenesis  or  the  toxin  binding  assays. 

125 

lodination  of  SEA.  SEA  was  labelled  with  1  as  described  by  Kauffman 

and  Johnson  (10).  Ten  pg  SEA  was  labelled  by  reaction  with  10  mCi  of  carrier 
125 

free  Na  I  in  100  pi  total  volume  containing  5  pg  chloramine  T  and  phosphate 
125 

buffer.  Labelled  1-SEA  was  recovered  from  a  Sephadex  G-25  column  in 

125 

phosphate  buffered  saline  containing  0.1%  bovine  serum  albumin.  The  l-SEA 

was  sterilized  by  filtration  and  stored  in  250  pi  aliquots  at  -70^C.  lodination  of 
125 

1-SEA  was  achieved  to  a  level  of  one  iodine  per  molecule  of  protein  (70-100 
125 

pCi/pg).  l-SEA  was  used  within  2  weeks  of  lodination  although  no  loss  of 

125 

biological  activity  was  detected  for  2  months.  Biological  activity  of  l-SEA 
determined  in  mitogen  assays  by  direct  comparison  with  uniodinated  SEA 
revealed  no  differences  in  mitogenic  potency. 

Assay  of  ^^^l-SEA  binding  to  lymphoid  cells.  Binding  of  ^^^l-SEA  to  spleen 

cells  was  carried  out  by  incubating  0.5  ml  of  cells  (2  x  10^  ml)  at  room 

o  123 

temperature  (23  C)  for  3  hr  in  complete  medium  containing  0. 125  pg/ml  *^1- 

125 

SEA  or  0.125  pg/ml  l-SEA  plus  40  pg/ml  SEA  (control  for  non-specific 
binding)  and  dispensed  in  1.5  ml  plostic  vials.  Cells  were  shaken  periodically  and 
at  the  conclusion  of  the  incubation  period,  four- 100  pi  samples  were  removed 
and  layered  over  200  pi  of  silicon  oil  (Versilul)e  F-50,  Harwich  Inc.,  Chicago,  II.) 
in  400  pi  polyethylene  viols  (Kew  Scientific,  Columbus,  OH),  The  vials  were 
rontriftK)ed  In  a  fieckrnan  »V\i(Tof»jge  for  .30  scu:  at  12,000  X  (]  and  rc]picjlv  frozen 
In  dry  ice-f»thnnoL  The  hottorn  of  each  vial  containing  tf^e  cell  pellet  was  c:ut 
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off  and  counted  in  a  gamma  counter. 

RESULTS 

The  mitogenic  activity  of  SEA  was  characterized  by  washing  spleen  cells  free  of 

unbound  toxin  after  3  hr  and  incubating  at  37°C  in  the  absence  of  additional  SEA 

for  a  total  of  48  hr  to  allow  full  expression  of  mitogenic  potential.  The  data  in 

Table  I  show  that  mitogenic  stimulation  was  identical  for  cells  which  were 

exposed  to  SEA  for  only  the  first  3  hr  or  exposed  to  toxin  continuously  for  48  hr. 

This  assay  was  also  used  to  determine  the  effect  of  temperature  and  pH  on  toxin 

binding  and  subsequent  mitogenic  stimulation.  The  SEA  mitogenesis  assay  was 

employed  in  conjunction  with  a  toxin  binding  assay  to  establish  the  correlation 

between  the  extent  of  toxin  binding  and  mitogenic  stimulation. 

An  assay  was  developed  to  detect  the  specific  binding  of  iodinated  SEA  to 
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spleen  cells.  The  kinetics  of  l-SEA  association  with  mouse  spleen  cells  at 

23^C  are  shown  in  Fig.  I.  Specific  toxin  binding  reached  saturation  within  2  hr. 

Non-specific  association  of  toxin  is  defined  as  the  amount  of  cell  associated 
125 

1-SEA  observed  in  the  presence  of  40  yg/ml  unlabelled  SEA.  The  amount  of 

125 

non-specifically  associated  1-SEA  increased  linearly  with  time  suggesting 

125 

pinocytic  uptake  of  toxin.  The  binding  of  1-SEA  was  a  linear  function  of 
spleen  cell  concentration  (Fig. 2).  The  effect  of  the  iodinated  toxin 
concentration  on  the  total  amount  of  specific  binding  is  shown  in  Fig.3.  Specific 
binding  increased  as  the  concentration  of  l-SEA  was  increased  and 
approached  saturation  at  1.5  yg/ml  '^^l-SEA.  These  data  were  replotted 
according  to  the  method  of  Scatchard  (16)  as  shown  in  Fig.  4.  The  slope  of  the 
Scatchard  plot  indicates  a  single  class  of  binding  sites  with  an  apparent 
dissociation  constant  (K^)  of  8  X  10“^  M.  The  X-intercept  of  the  plot 


corresponds  to  an  estimated  value  of  3600  binding  sites  per  spleen  cell.  Since 
splenocytes  consist  of  a  mixture  of  T-lyrnphocytos,  B-lyrnpliocytes,  and  lesser 


numbers  of  macrophages  the  value  calculated  for  the  number  of  binding  sites  per 

cell  represents  on  average  for  a  mixed  cell  population.  The  binding  sites  per  cell 

for  specific  cell  types  will  require  similar  studies  carried  out  with  purified  T-and 

B-cells.  Experiments  not  shown  here  indicate  that  macrophages  do  not  possess 

specific  receptor  sites  for  SEA  but  rather  take  up  toxin  via  non  adsorbtive 

pinocytosis  (manuscript  in  preparation). 

125 

The  specific  binding  of  l-SEA  was  inhibited  not  only  by  unlabelled  SEA 
but  also  by  the  antigenically  dissimilar  staphylococcal  enterotoxins  SEB  and  SEE 
(Fig. 5).  At  low  concentrations  of  unlabelled  toxin  the  amount  of  l-SEA 
specifically  bound  was  greater  (statistically  significant  at  p  <  .05)  than  specific 
binding  in  the  absence  of  unlabelled  toxin,  suggestive  of  positive  cooperativity. 
SEA  and  SEE  were  equally  inhibitory  at  intermediate  concentrations  (1.0-10 

125 

yg/ml)  while  SEB  was  a  less  effective  inhibitor  of  l-SEA  binding  at 

1 25 

intermediate  and  high  concentrations.  The  extent  of  inhibition  of  l-SEA 

binding  by  homologous  or  heterologous  unlabelled  toxin  correlated  with 

125 

mitogenic  potency.  SEA  and  SEE  inhibited  binding  of  l-SEA  and  stimulated 

mitogenesis  to  the  same  extent.  In  contrast,  SEB  was  less  inhibitory  for  SEA 

binding  and  also  was  a  weaker  mitogen  (Table  3).  These  data  indicate  that  these 

antigenically  distinct  staphylococcal  enterotoxins  recognize  similar  or  identical 

binding  sites  on  mouse  spleen  cells. 

125 

The  binding  of  l-SEA  and  the  stimulation  of  mitogenesis  were  corre¬ 
spondingly  affected  by  the  pH  of  the  incubation  medium  (Fig.  6).  Specific  toxin 
binding  and  mitogenic  stimulation  were  maximal  at  pH  6.5  and  declined  at  higher 
or  lower  pH's.  The  correlation  between  binding  and  mitogenic  stimulation  of 
lymphocytes  indicates  that  the  toxin  binding  leads  to  a  biologicol  response. 
Specific  binding  increased  linearly  with  temperature  (Fig.  "7)^  mitogenic 
stimulation  decreased  slightly  at  higher  temperatures.  The  quantity  of  toxin 
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binding  and  nnitogenic  stimulation  observed  after  trypsin  treatment  of  the  spleen 

cell  is  shown  in  Table  3.  Trypsinization  of  spleen  cells  reduced  mitogenic 

125 

stimulation  by  SEA  but  did  not  inhibit  binding  of  l-SEA.  Specific  binding  of 
125 

l-SEA  to  a  human  embryonic  intestinal  epithelial  cell  line  (Henie  407)  could 

1 25 

not  be  demonstrated  (Table  4).  Although  a  significant  amount  of  l-SEA 
associated  with  the  Henie  407  cells,  excess  unlabelled  SEA  did  not  compete  with 
iodinated  SEA  associating  with  the  cells.  This  would  suggest  an  absence  of  SEA 
receptors  on  the  surface  of  the  Henie  407  cells. 

DISCUSSION 

A  relatively  simple,  reliable  assay  to  detect  spleen  cell  binding  of 

staphylococcal  enterotoxins  has  been  described.  Saturation  of  binding  between  2 

125 

and  3  hr  after  initiation  of  1-SEA-lymphocyte  interaction  corresponded  to  the 

time  required  for  induction  of  maximum  mitogenic  stimulation  (Table  I). 

Saturation  of  specific  binding  at  high  ^'^USEA  concentration  (Fig.  3)  was 

demonstrable  and  relatively  high  affinity  of  the  toxin  for  spleen  cells  is  indicated 

by  Scatchard  analysis  of  the  data  (Fig.  4).  Toxin  binding  increased  linearly  over 

a  wide  range  of  cell  concentrations  (Fig. 2).  Three  antigenically  distinct 

staphylococcal  enterotoxins;  i.e.,  SEA,  SEB,  and  SEE  inhibited  specific  binding 

of  I-SEA  ?n  a  dose  dependent  manner,  but  a  high  concentration  of  unrelated 

proteins  (10%  FCS)  did  not  block  toxin  binding.  In  summary,  these  results 

125 

demonstrate  the  specificity  of  I-SEA  binding  by  lymphocytes  and  confirm 
that  ligand-receptor  interaction  correlates  with  a  biological  response  of  cells  to 
toxin. 

125 

I-SEA  binding  to  murine  spleen  cells  did  not  correlate  precisely  with 
mitogenic  stimulation  by  toxin  over  a  temperature  range  from  O^C  to  37^C  (Fig. 
7).  Toxin  binding  is  more  efficient  at  37^C  but  greater  mitogenic  stimulation 
results  when  toxin  binding  is  carried  out  at  4^C.  A  possible  explanation  is 
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obtained  by  an  analysis  of  the  data  in  Table  I  and  Fig*  7.  Table  1  shows  that  LO 

ug/nnl  SEA  induces  a  greater  mitogenic  response  than  does  10  Mg/ml  SEA.  This 

high  dose  depression  of  mitogenesis  was  noted  in  several  separate  experiments. 

The  mitogenic  stimulation  by  SEA  shown  in  Fig.  7  was  achieved  with  10  pg/ml 

SEA.  The  decreased  mitogenic  response  at  this  concentration  as  compared  with 

the  response  when  binding  occurs  at  4^C  may  result  from  more  efficient  toxin 

binding  at  23^C  and  37^C.  The  effective  toxin  concentration  at  higher 

temperatures  thus,  may  lie  in  the  range  of  high  dose  suppression  whereas  less 

efficient  toxin  binding  at  4^C  results  in  lesser  but  optimum  amounts  of  SEA 

bound  to  achieve  peak  mitogenic  stimulation.  The  data  presented  fulfill  criteria 

for  specific  toxin  binding  to  cell  surface  receptors.  These  criteria  include 

chemical  specificity,  saturability,  high  affinity,  and  correlation  with  a 

measurable  biological  response  by  the  cells  (4). 

125 

The  increase  in  specific  binding  of  l-SEA  observed  in  the  presence  of 

low  concentrations  of  unlabelled  staphylococcal  enterotoxins  (Fig.  5)  suggest 

positive  cooperativity  for  SEA  binding  as  has  been  observed  for  binding  of  plant 

lectins  to  lymphocytes.  Prujansky,  et  al.  (15)  suggest  that  positive  cooperativity 

of  binding  to  lymphocytes  occurs  with  mitogenic  lectins  but  not  with  lectins 

which  bind  to  lymphocytes  but  do  not  initiate  a  mitogenic  response.  The  data 

shown  in  Fig.  7  suggest  cooperative  toxin  binding,  Scatchard  plot  analysis  of 

125 

data  generated  over  a  wider  range  of  l-SEA  concentrations,  however,  is 
required  to  substantiate  this  observation.  This  is  an  important  consideration 
since  Prujansky,  et  al.  (15)  hypothesize  that  cooperative  binding  of  mitogen 
reflects  alterations  in  cell  membrane  architecture  and  may  constitute  an 
essential  event  in  lymphocyte  blastogenesis. 

The  data  show  that  cell  binding  of  SEA  is  not  reduced  by  trypsin  treatment 
but  mitogenic  stimulation  is  substantially  reduced.  Tfius,  the  Sl.A  binding  site 


appears  to  be  trypsin  resistant.  Trypsinization  may  reduce  mitogenic  stimulation 

either  by  disruption  of  T  and  B  cell  interactions  required  for  optimum  mitogenic 

responses,  or  alternatively,  by  inactivation  of  membrane-associated  proteins 

125 

required  for  initiation  of  cell  division.  The  absence  of  specific  binding  of  I- 
SEA  to  the  Henle  407  cells  is  significant  in  that  it  may  explain  lack  of 
cytotoxicity  exhibited  by  enterotoxin  for  this  cell  line  (3).  Direct  cytotoxicity 
has  been  difficult  to  substantiate  in  spite  of  claims  that  staphylococcal  entero- 
toxins  damage  cells  of  the  gastrointestinal  epithelium  (1,17).  However,  the  high 
reactivity  of  enterotoxins  in  immunological  phenomena  mandates  a  reevaluation 
of  how  the  toxins  act  in  vivo.  The  immunological  responses  of  human 
lymphocytes  to  staphylococcal  enterotoxins  are  quite  similar  to  those  of  mouse 
spleen  cells  (13),  and  thus  it  is  likely  that  enterotoxin  mitogenic  stimulation  of 
human  lymphoid  cells  is  also  mediated  by  specific  toxin  receptors. 

Staphylococcal  enterotoxin  stimulation  of  gut  associated  lymphoid  tissue  in 
the  human  gastrointestinal  tract  may  play  a  significant  role  in  the  genesis  of 
symptoms  associated  with  food  poisoning.  Recently,  intraepithelial  mast  cell¬ 
like  T-lymphocytes  containing  histamine  have  been  detected  in  intestinal  tissue 
of  mice  (7)  and  humans  (5).  Since  other  lymphocyte  mitogens  are  known  to 
trigger  histamine  release  from  mast  cells  (8,21),  one  may  speculate  that  SEA  acts 
similarly.  Release  of  this  potent  pharmacological  agent  within  the  gastroin¬ 
testinal  tract  conceivably  may  relate  to  symptoms  of  staphylococcal  food 
poisoning.  Toxicity  of  staphylococcal  enterotoxins  may  be  expressed  as  an 
indirect  effect  mediated  by  toxic  lymphokines  and  pharmacologically  active 
amines  released  after  lymphocyte  stimulation;  this  is  a  possibility  currently 
under  investigation  (D.L.  Archer,  personal  communication). 

In  conclusion,  the  data  presented  here  provide  direct  evidence  fot  tfie 
presence  of  staphylococcal  (»nterotoxin  receptors  on  rnurine  spleen  cells.  In 
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contrast,  it  was  not  possible  to  detect  specific  toxin  binding  by  cells  more 
closely  related  to  intestinal  epithelial  cells  which  are  often  cited  as  potential 
target  cells  for  direct  cytopatfiic  effects  of  staphylococcal  enterotoxins  (1,17). 
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Table  1.  Mitogenic  response  of  murine  splenic  lymphocytes  after 
3  hr  or  48  hr  interaction  with  SEA 


3 

Time  Toxin  Cone.  H-thymidine  Incorporated 

(hr)  (yg/ml)  (  X  +  std.  error) 


3 

0.0 

1704 

+ 

129 

3 

0.1 

11229 

516 

3 

1.0 

17697 

+ 

3273 

3 

10.0 

15743 

+ 

267 

48 

0.0 

884 

+ 

99 

48 

0.1 

17089 

1926 

48 

1.0 

16384 

+ 

1083 

48 

10.0 

15430 

+ 

546 

Murine  splenic  lymphocytes  were  incubated  with  SEA  at  the 
concentration  shown  for  3  or  48  hr.  Each  value  is  the  mean 
of  8  samples. 


Table  2.  Mitogenic  stimulation  of  splenic  lymphocytes  by  SEA, 
SEB  or  SEE 


Toxin  Cone, 
(ug/ml) 

3 

CPM  H-Thymidine  Incorporated 

SEA 

SEB 

SEE 

0.0 

2962  +  426 

0.0001 

5991  +  454 

2992  +  529 

5602 

402 

0.01 

12375  +  455 

5713  +  727 

9006 

+ 

545 

1.0 

14261  +  522 

10149  +  301 

14003 

+ 

347 

Splenic  lymphocytes  were  incubated  with  SEA,  SEB  or  SEE  at  the 
concentration  indicated  for  48  hr.  Each  value  is  the  mean  + 
standard  error  for  4  replicate  samples. 


Table  3.  Effect  of  trypsinization  of  spleen  cells  on  the  mitogenic 
response  and  specific  binding  of  SEA 


Trypsin 

3 

CPM  H-thymidine  incorporated 

CPM  of  ^^^I-SEA  bound 

Concentration* 

X  +  std.  error 

X  +  std.  error 

none 

6173  +  300 

1192  +  139 

1.0  mg/ml 

1593  +  116 

1039  +  137 

*Spleen  cells  were  treated  for  30  min  at  37°C  with  1  mg/ml  of  trypsin. 
No  significant  differences  in  toxin  binding  values  are  apparent 
(p  >  0.01).  Values  are  those  of  3  separate  experiments. 


